Recently, CRISPR/Cas9 genome editing has been employed to introduce short insertions and deletions and identify transcriptional regulatory elements in a high-throughput fashion. However, scalability of these methods is limited by the number of targeted perturbations that can be introduced. Further, existing approaches neglected the issue of cis-and trans-regulation. Here we report a highly scalable method, Cis Regulatory Element Scan by Tiling-deletion and sequencing (CREST-seq), for unbiased discovery and functional assessment of cis regulatory sequences in the genome with improved coverage and sensitivity comparing to existing single sgRNA screen approach.
Introduction:
Developmental programs of multi-cellular organisms are controlled by cis-regulatory sequences including enhancers, promoters, and insulators 1-31-31-31-31-31-31-31-3 . Millions of candidate cis-regulatory elements have been annotated in the human genome based on histone modification, transcriptional factor binding, and DNase I hypersensitivity [4] [5] [6] [7] [8] [9] . These putative regulatory sequences harbor a disproportionally large number of sequence variants associated with diverse human traits and diseases, supporting the hypothesis that noncoding sequence variants contribute to common traits and diseases via transcriptional regulation [10] [11] [12] .
However, research on the role of these putative functional elements in disease pathogenesis has been hindered by a dearth of direct evidence for their biological function in the native genomic context.
High throughput CRISPR/Cas9-mediated mutagenesis using single guide RNAs (sgRNAs) have been developed to functionally characterize cis-regulatory elements in mammalian cells [13] [14] [15] [16] [17] [18] . Currently, the utility of this approach for de novo discovery of cis-regulatory elements is limited by several factors: (1) Not all sequences are suitable for CRISPR/Cas9 mediated genome editing due to the lack of protospacer adjacent motifs (PAMs) that are required for targeting and DNA cutting by CRISPR/Cas9 19-21 ; (2) CRISPR/Cas9 mediated genome editing with single sgRNAs tends to cause point mutations or short insertion or deletions 14 , which may not be sufficient to disrupt the function of a cis-regulatory element; (3) an unrealistic number of sgRNAs would be required to interrogate the human genome; (4) it has been challenging to distinguish the cis-and trans-regulatory effects. To overcome these limitations, we developed CREST-seq, short for Cis Regulatory Elements Scan by Tiling-deletion and Sequencing, which enables efficient discovery and functional characterization of cis-regulatory elements by introducing massively parallel, kilobase-long deletions to the genome. The utility of CREST-seq in human embryonic stem cells and shows that CRESTseq outperforms the previous CRISPR/Cas9 screening studies to study cis-regulatory elements. Design paired sgRNA library with the following format and order from Agilent.
5'AAAGGACGAAACACC(sgRNA#1)GTTTAGAGACGNNNNNNNNCGTCTCACCTT(sgRNA#2)GT TTTAGAGCTAGAAATAGCAAG-3' *N denotes random nucleotide.
Order gBlock from IDT (~ 1 to 2 weeks)
Order the following sequence containing tracRNA and mouse U6 promoter sequence: Assembly reaction if the volume is small. Samples can be stored at -80 overnight.
Day 2
1. Dissolve precipitated DNA with TE.
2. Amplify DNA library following the protocol described by Sanjana et al 22 , and calculate the coverage of DNA library.
Day 3
1. Maxi prep of plasmid DNA.
2. Digest plasmid library with BsmBI, followed by gel purification.
3. Digest gBlock DNA, followed by Agencourt AMPure XP beads purification.
4. Overnight ligation at 16 degree using high concentration (400,000u/ml) T4 DNA ligase per NEB's instruction.
Day 4.
1. Purify ligated DNA with PHENOL:CHLOROFORM:ISOAMYL ALCOHOL(25:24:1) followed by 70%
Ethanol precipitation. Incubate DNA at -20 for 2 hours (or overnight).
2. Amplify DNA library following the protocol described by Sanjana et al 22 , and calculate the coverage of DNA library. The following steps are performed as described by by Sanjana et al 22 and the workflow is illustrated in Figure 1 . The major steps are:
1. The CREST-seq lentiviral library was prepared as previously described 23 . Briefly, 5ug of lentiCRISPR plasmid library was co-transfected with 4 ug PsPAX2 and 1 ug pMD2.G (Addgene #12260 and #12259) into a 10-cm dish of HEK293T cells in DMEM (Life Technologies) containing 10% FBS (Life Technologies) by PolyJet transfection reagents (Signagen, Cat# SL100688). Scale up the number of HEK293T cells and transfection depending on the yield and library size. Growth medium was replaced 6 hours after transfection.
2. Collect culture media at 12 hour, 24 hour and 36 hour post transfection.
3. Concentrate lentviral by ultra-centrifugation and titrate leniviral using the same type cells for screen.
D. CREST-seq, or tiling deletion screen, to identify regulatory DNA elements.
Day 0.
Infection the reporter cells with lentiviral library at MOI<0.3.
Day 2.
48 hours post viral infection, replace fresh media containing 500ng/ml Puromycin.
Day 3-14
Regular cell culture, changing media and spit the cells when needed.
Day 15
1. Dissociate the cells for FACS sorting. The testing samples, negative control samples, and the non-sorted control samples should be collected with at least three replicates.
2. Purify genomic DNA.
3. Two-step PCR amplification of sgRNA pairs from genomic DNA. Follow the protocol described earlier (Day 5, Plasmid DNA cloning and amplification).
4. Purify PCR product and subject to high throughput sequencing.
5. Data analysis. We used MAGeCK for data processing and enrichment analysis. 
